Background: Ketorolac tromethamine is a versatile analgesic drug used extensively for the treatment of fever and moderate to severe pain. It is a potent non-steroidal anti-inflammatory drug that extends opioid-level analgesia to patients. Two new selective methods are proposed for spectrophotometric determination of ketorolac tromethamine (KT) in pure and pharmaceutical formulation. Methods: The determination procedures are based on the condensation reaction of KT with 2,4-dinitrophenylhydrazine (DNPH) in strongly alkaline medium resulting in the formation of red-colored hydrazones which is quantitated at 424 nm for method A and method B involves the charge transfer reaction between KT as electron donor and 7,7′,8,8′-tetracyanoquinodimethane (TCNQ) as π-acceptor to form dark green-colored complex which is measured at 842 nm. Results: Linear correlation is obtained in the range 0.50-18.50 μg mL −1 and 2.00-50.00 μg mL −1 with detection limits of 0.1579 and 0.3721 μg mL −1 for method A and method B, respectively. The optimum analytical conditions are analyzed, and the proposed assay is validated as per the ICH guidelines. Conclusions: The developed methods are effectively applied to the determination of KT in tablets, injections, and ophthalmic formulations with good percentage recoveries. The final reaction products are characterized by spectral analysis (FT-IR and 
Background
Ketorolac tromethamine (KT) is a non-steroidal antiinflammatory drug (NSAID) which is widely used as nonnarcotic substitute to opioid analgesics. It belongs to a class of heterocyclic acid derivatives with chemical name, (±)-5-benzoyl-2,3-dihydro-1H-pyrrolizine-1-carboxylic acid and 2-amino-2-(hydroxymethyl)-1,3-propanediol (Fig. 1) . KT is a prostaglandin synthetase-inhibiting analgesic with rapid onset of action and prolonged efficacy in the short-term management of acute pain (Resman-Targoff 1990; Stanski et al. 1990 ). It has also been indicated in ameliorating severe postoperative pain related with abdominal, gynecologic, oral, and orthopedic surgery (Litvak and McEvoy 1990) . Unlike opiate analgesics, KT is well tolerated with diminished rates of opioid-induced adverse events making it an effective alternative for reducing ocular inflammation and for the symptomatic relief of acute renal colic, pain associated with trauma, and visceral pain associated with cancer (Litvak and McEvoy 1990; Brown et al. 1990 ). The desired anti-inflammatory effect is due to the reduction in formation of precursors of prostaglandin which is believed to be caused by the inhibition of both cyclooxygenase-1 (COX-1) and cyclooxygenase-2 (COX-2) enzymes. The resultant decrease in prostaglandin activity effectively blocks the generation of pain impulse, thereby contributing to the analgesic effect of this medication (Blais et al. 2002) .
KT is an off-white crystalline powder freely soluble in methanol, and it exists in the anionic form, in particular, at physiological pH. It is a racemate of [−]S-and [+]Renantiomeric forms, with the S-form exhibiting the therapeutic activity. To enhance the water solubility and render the drug fairly appropriate for parenteral administration (Buckley and Brogden 1990) , it is formulated as tromethamine salt and administered intramuscularly, intravenously, as a topical ophthalmic solution and also orally as a continuation therapy to injection (Sinha et al. 2009 ). The analgesic efficacy of KT appears to be superior to morphine or meperidine because it lacks the depressant effects of opioids. Because of its enhanced importance over morphine, it is widely preferred as an analgesic drug over opiate comparators in controlling postsurgical pain [DeAndrade et al. 1994] .
The great clinical significance of KT in medicinal field has led to an extensive literature on its determination in pharmaceutical formulation. A survey of literature revealed that the KT has been analyzed in pharmaceutical preparations either alone or in combination with other drugs by HPLC (Kumaraswamy et al. 2012; Razzaq et al. 2012; Tsvetkova et al. 2012; Dave et al. 2013; Dubey et al. 2012) , HPTLC (Devarajan et al. 2000; Vandana et al. 2013) , voltammetry (Squella et al. 1997) , and micellar electrokinetic chromatography (Orlandini et al. 2004) . Though these analytical procedures are sensitive, it entails a disadvantage of not being simple and requiring sophisticated experimental setup, increased cost of analysis and high consumption of solvents by the mobile phase for the chromatographic techniques. Therefore, it is essential to develop simple, rapid, and reproducible methods that can be adapted for routine analysis of KT in quality control laboratories. In recent times, spectrophotometry has been successfully employed as a quantitative technique for the determination of drugs in bulk and formulations.
Derivative spectrophotometric methods (Jitendra et al. 2009; Yatri et al. 2013; Ramzia et al. 2013) and quite a few visible spectrophotometric methods (Rajasekaran 1995; Pratapareddy and Chakravarthi 2012; Kamath et al. 1994; Arshiya et al. 2012; Dattaray and Uday 1997; Sawsan et al. 2013 ) are reported in literature for quantitative determination of KT in bulk and dosage forms. The purpose of this study is to develop simple, accurate, and economical methods for the determination of KT using 2,4-dinitrophenylhydrazine (DNPH) and 7,7′,8,8′-tetracyanoquinodimethane (TCNQ) as reagents. Optimization of various experimental conditions, stoichiometry, and mechanism of the proposed reactions are studied. The suggested methods have high sensitivity and are validated as per ICH guidelines and rely on the use of non-expensive technique and affordable easily available chemicals. The application of the proposed methods is explored by employing these methods for the microdetermination of KT in its pharmaceutical dosage forms. Attempts have also been made to synthesize and characterize the reaction products using spectroscopic techniques.
Methods

Instrumentation and physical measurements
Spectrophotometric measurements were performed on SHIMADZU UV-2550 double beam spectrophotometer equipped with 1-cm matched quartz cells. The infrared spectra within the range of 4000-400 cm −1 for the free reactants and the reaction products were recorded using KBr disc on SHIMADZU FT-IR-Prestige-21 spectrometer.
1 H NMR spectra (400 MHz) were recorded on AV400 spectrometer using DMSO-d 6 as a solvent and TMS as the internal reference standard. Scanning electron microscopy (SEM) images were taken in Zeiss Sigma instrument equipped with GEMINI column, with an accelerating voltage of 2.00 kV.
Materials and reagents
Pure sample of ketorolac tromethamine (KT) was provided by CAD Pharma Inc., Bangalore, India. The following pharmaceutical formulations were procured from commercial source: Ketorol ™ tablets (Dr. Reddy's Laboratories Ltd., India) labeled to contain 10 mg of ketorolac tromethamine per tablet, Ketorol ™ vials (Dr. Reddy's Laboratories Ltd., India) labeled to contain 30 mg of ketorolac tromethamine in 1 mL of sterile solution, and Ketlur ® sterile ophthalmic solution (Sun Pharmaceutical Industries Ltd., India) labeled to contain 5 mg of ketorolac tromethamine per milliliter of aqueous solution.
Analytical reagent grade 2,4-dinitrophenylhydrazine and potassium hydroxide were purchased from BDH chemicals. The reagent 7,7′,8,8′-tetracyanoquinodimethane was obtained from Sigma-Aldrich. Spectroscopic grade methanol and acetonitrile solvents were supplied by Spectrochem. Preparation of standard stock and reagent solutions
The stock standard solutions of KT (100 μg mL −1 ) were prepared by dissolving precisely weighed 10 mg of pure drug in 100 mL of methanol and acetonitrile for method A and method B, respectively. The working concentrations were prepared by approximate dilution of standard drug solution.
The reagent solution of DNPH was prepared at a concentration of 5 × 10 −3 M in methanol, and TCNQ was prepared at a concentration of 5 × 10 −4 M in acetonitrile solvent. The stock solutions were freshly prepared and protected from light.
General analytical procedures Determination of KT based on the measurement of Schiff base (method A)
Aliquots containing 0.50-18.50 μg mL −1 of standard KT (100 μg mL −1 ) were transferred quantitatively to 10 mL calibrated standard flasks. To that, 1 mL of DNPH solution was added followed by addition of 1 mL of 2 N methanolic potassium hydroxide and the volume was brought to 5 mL with methanol. The solutions were incubated in water bath at 60°C for 15 min. The solutions were cooled to room temperature and diluted up to the mark using methanol, and absorbances were measured at 424 nm against the reagent blank.
Determination of KT based on the measurement of charge transfer (method B)
Aliquots containing 2.00-50.00 μg mL −1 of standard KT (100 μg mL −1 ) were transferred quantitatively to 10 mL calibrated standard flasks. To each flask, 2 mL of TCNQ was added and the reaction mixture was heated at 50°C for 10 min. The solutions were then cooled and completed to the volume with acetonitrile solvent, and absorbances were measured at 842 nm against the reagent blank.
Analysis of pharmaceutical formulation Tablets
The contents of 20 tablets were pulverized to fine powder, and an amount equivalent to 10 mg was accurately weighed and dissolved in 50 mL methanol and acetonitrile for method A and B, respectively. The solutions were swirled for 10 min and filtered through Whatmann No. 40 filter paper into two separate 100-mL standard flasks which was then diluted to the mark with respective solvents. A convenient aliquot from the resulting solutions was then subjected to analysis.
Injection vials
The contents of two injection vials, each having an amount equivalent to 30 mg of active ingredient was filtered through Whatmann No. 40 filter paper and transferred into two separate 100-mL calibrated flask. It was then dissolved with methanol and acetonitrile for method A and B, respectively. The solutions were mixed well and completed to the volume with respective solvents. A convenient aliquot from resulting solutions was then subjected to analysis.
Ophthalmic solutions
An accurately measured volume equivalent to 5 mg was dissolved in 25 mL methanol and acetonitrile for method A and B, respectively. The solutions were then mixed well and filtered through Whatmann No. 40 filter paper. The filtrates were collected in two separate 50-mL calibrated flasks and diluted to the mark with respective solvents. A convenient aliquot from resulting solutions was then subjected to analysis.
Synthesis of solid reaction products
The synthesis of KT-DNPH product was done by refluxing a mixture of KT (1 mmol, 0.3764 g) and DNPH (1 mmol, 0.1981 g) in 50 mL of methanol in basic medium for 4 h. The reaction mixture was allowed to cool and filtered to obtain red-colored solid precipitate, which was then washed with cold water and recrystallized from acetonitrile solvent. The solid charge transfer complex KT-TCNQ was synthesized by mixing an equimolar concentration of KT (0.50 mmol, 0.1882 g) and TCNQ (0.50 mmol, 0.1020 g) in 40 mL of acetonitrile, and the mixture was stirred well at room temperature for half an hour. The product was then filtered, washed with acetonitrile, and dried.
Results and discussion
The reaction of carbonyl functionality with DNPH is the most popular and widely studied for the quantitative measurement of trace quantities of carbonyl content in variety of organic mixtures (Dasgupta et al. 1994) . The keto group of the drug KT is condensed with DNPH to form 2,4-dinitrophenylhydrazone, and in strongly alkaline conditions, the hydrazones form wine red-colored product of quinonoid structure (Dasgupta et al. 1994) showing maximum absorption at 424 nm. This forms the basis of measurement principle for the determination of KT by method A. The second method B involves exploring the charge transfer reaction of KT with TCNQ. The tertiary nitrogen atom present in the pyrrolizine moiety acts as the electron donor, donating electrons to π-acceptors like TCNQ to form deep green-colored complex which absorbs maximally at 842 nm. The electronic absorption spectra of KT and its reaction products are shown in Fig. 2 , and the probable reaction mechanism is depicted in Fig. 3 . 
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Optimization of reaction parameters
In order to achieve maximum sensitivity and selectivity, the proposed spectrophotometric methods are optimized by carefully studying the different reaction variables affecting the reaction. The optimum experimental conditions are established by studying the influence of one parameter on the absorbance values of colored species and in turn keeping the other parameter constant.
Effect of solvent
The effect of different solvents like methanol, ethanol, acetone, acetonitrile, water, and 1,4-dioxane has been studied for the proposed methods (Fig. 4) . For method A, diluting with methanol gave the highest color intensity of Schiff base product and thus it is chosen as the ideal solvent. For method B, acetonitrile is observed to be the best solvent owing to its high dielectric constant and good solvating capacity for π-acceptors. However, water is not suitable for both the methods due to limited solubility of reagents.
Effect of heating time and temperature
The effect of time is studied by following the complete color development at different time intervals. The results obtained (Fig. 5 ) indicated that maximum absorbance is attained at 15 min for method A and 10 min for method B. The optimum temperature to carry out the reaction is determined by following the absorption intensity at different temperatures ranging from 30-80°C. Maximum absorbance values are obtained at 60°C, and the reaction product remained stable for 3 h in method A. In method B, heating at 50°C is sufficient and the product remained stable for 24 h.
Effect of reagent volume
For method A, the effect of different volumes of particular concentrations of DNPH and potassium hydroxide on fixed concentration of KT is investigated. It is found that reproducible absorbance value is obtained with 1 mL of 0.005 M DNPH and 1 mL of 2 N potassium hydroxide. Excess addition of base is avoided because stable results are not obtained and also the color of blank solution remains dark for long time. For method B, various volumes of TCNQ solutions are added to fixed drug concentration and the results show that 2 mL of 0.0005 M is adequate for reproducible and maximum color absorbance.
Stoichiometry of reaction
The molar ratio of drug to reagent is analyzed by employing Job's method of continuous variation (House 2013). At the optimum wavelength, the composition of KT-TCNQ reaction product is found to be 1:1. The stoichiometric relationship is illustrated in Fig. 6 .
Validation of methods
The developed methods are validated with respect to linearity, accuracy and precision, specificity, limit of detection, and quantification according to the guidelines set by International Conference on Harmonization (ICH Q2 R1 2005).
Linearity and sensitivity
The proposed methods conform to Beer's Law, and linear relationship (Fig. 7) in the absorbanceconcentration plot is obtained in the concentration range of 0.50-18.50 μg mL −1 for method A and 2.00- 
Limit of detection and quantification
The detection limit (LOD) and quantification limit (LOQ) is determined by evaluating the minimum level at which the active ingredient can be detected and quantified, respectively, with reliable accuracy and precision. The following expression was used: LOD = 3.3 σ/s and LOQ = 10 σ/s where σ is the standard deviation of the values obtained by replicate determination of blank and s is the slope of the calibration curve. The calculated values of LOD and LOQ are summarized in Table 1 
Accuracy and precision
The accuracy and precision of proposed methods are determined by intraday and interday analysis of KT at three different concentration levels within optimized linearity range, and each concentration was replicated five times and presented in Table 2 . The results are reported as percentage relative error (RE %) and percentage relative standard deviation (RSD %) which indicates the accuracy and precision of methods, respectively. The RE % and RSD % values thus obtained is less than 2 % which demonstrates good accuracy and precision of the methods.
Specificity
The specificity or the selectivity of the proposed methods is studied by specifically analyzing the drug in the presence of other non-medicinal ingredients that forms the matrix in formulation. The standard addition method was employed to study the influence of common excipients found in the selected pharmaceutical formulation such as microcrystalline cellulose, lactose, polyethylene glycol, sodium chloride, and magnesium stearate. Satisfactory percentage recovery values tabulated in Table 3 indicates that the excipients did not interfere with the determination of drug by the proposed spectrophotometric methods.
Application to the analysis of formulation
The developed methodology is applied to the determination of KT in three different pharmaceutical formulations. As can be seen from Table 3 , the results of the assay are in good accordance with the label claim. The accuracy and reliability of the proposed assay are confirmed by applying the statistical tests such as Student's t test. It is found that experimental t-value is smaller than the theoretical tabulated value at 95 % confidence interval and five degrees of freedom. Appreciable percentage recovery values in the range of 100.03-100.40 % and 99.90-100.03 % are obtained for method A and method B, respectively, which strongly suggests non-interference of pharmaceutical adjuvant in the proposed assay.
Characterization of reaction products FTIR spectra
The infrared spectra of the synthesized reaction products KT-DNPH and KT-TCNQ are depicted in Fig. 8 . The analysis of main infrared peaks of KT-DNPH and KT-TCNQ suggests the formation of Schiff base and charge transfer complexation, respectively. In the infrared (IR) spectra of KT-DNPH product, the appearance of strong absorption band at 1622 and 3277 cm −1 is assigned to the stretching vibration of C=N and -NH group, respectively, which confirms the formation of azomethine functional group. The intense band at 1737 and 1587 cm −1 is assigned to the carboxylate ester group and bending vibrations for N-H group in pure drug KT. The infrared spectra of charge transfer complex KT-TCNQ are characterized by the appearance of main bands of both donors and acceptors but show small shifts in both wave number values and band intensities compared to those of reactants which give conclusive evidence of charge transfer complexation. These shifts could be concerned with changes in molecular symmetry and electronic structure upon complex formation (Abeer et al. 2013 ). In the IR spectrum of pure KT, the stretching C-N frequency is shifted from 1309 to 1400 cm −1 in the CT complex, suggesting that electron transition of n to π* occurs from C-N site of pyrrolizine moiety of KT. The frequency of C≡N and C=C is observed at 2222 and 1543 cm −1 in free TCNQ molecule which is shifted to 2129 and 1597 cm −1 in IR graph of KT-TCNQ, respectively. The aromatic ring of TCNQ is electron deficient in nature due to the presence of four electron withdrawing cyano groups attached to it. The electron donation process from HUMO of the donor to LUMO of acceptor increases the charge density on CN group of TCNQ thus decreases the CN bond order, and hence, lower vibrational wave number is observed after complexation (Adam 2012; Adam and Refat 2014; Refat et al. 2014; Refat et al. 2015) .
H NMR spectra
The 1 H NMR spectra of reaction products KT-DNPH and KT-TCNQ are given in Fig. 9 . In the spectra of KT-DNPH, the appearance of singlet peak integrating for one proton at δ 11.01 ppm confirms formation of azomethine group. Furthermore, multiplets are observed for Schiff base product in the range δ 5.96-8.79 ppm which is integrated for ten aromatic protons compared to seven aromatic protons in the range δ 5.99-7.72 ppm for pure drug. These observations strongly suggest the formation of Schiff base product in method A. The charge transfer interaction between donor KT and acceptor TCNQ is also confirmed by observing the change in the intensities and values of chemical shifts in 1 H NMR spectrum of charge transfer product. It is observed that down fielding (higher shift) of most signals occurred in the spectrum of KT-TCNQ complex. The aromatic protons of KT exhibit proton signals integrating for seven protons in range δ 6.00-7.72 ppm which is shifted to δ 6.05-7.74 ppm integrating for eleven protons upon complexation with TCNQ. This up-field shift strongly confirms the charge transfer interaction.
SEM studies
The scanning electron microscopy is routinely used technique that reveals information about the microscopic aspects of reaction products i.e., microstructure, particle size, and the surface morphology [32] . The scanning electron micrograph of the synthesized reaction products is shown in Fig. 10 . The analysis of electron micrograph of final products of reaction Recovery shows that they have particle size of~100 μm and KT-DNPH displays well-defined leaf-shaped particle with the tendency to form clusters while KT-TCNQ exhibits small to large rock-shaped particles. The uniformity and similarity between the synthesized particle forms of KT reaction products indicate the presence of homogeneous distributed matrix in their morphological phases. a b Fig. 8 Infrared spectra of a KT-DNPH and b KT-TCNQ
